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Methods:
We assessed associations with premalignant gastric changes in 149 relatives of gastric cancer patients, including 45 with hypochlorhydria and gastric atrophy. We also genotyped 2 independent Caucasian population-based case-control studies of upper gastrointestinal tract cancer, initially in 312 noncardia gastric carcinoma cases and 419 controls and then in 184 noncardia gastric carcinomas, 123 cardia carcinomas, 159 esophageal cancers, and 211 frequency-matched controls. Odds ratios were computed from logistic models and adjusted for potential confounding factors. Results: TLR4؉896G carriers had an 11-fold (95% confidence interval [CI], 2.5-48) increased odds ratio (OR) for hypochlorhydria; the polymorphism was unassociated with gastric acid output in the absence of H pylori infection. Carriers also had significantly more severe gastric atrophy and inflammation. Seventeen percent of gastric carcinoma patients in the initial study and 15% of the noncardia gastric carcinoma patients in the replication study had 1 or 2 TLR4 variant alleles vs 8% of both control populations (combined OR ‫؍‬ 2.3; 95% CI ‫؍‬ 1.6 -3.4). In contrast, prevalence of TLR4؉896G was not significantly increased in esophageal squamous cell (2%, OR ‫؍‬ 0.2) or adenocarcinoma (9%, OR ‫؍‬ 1.4) or gastric cardia carcinoma (11%, OR ‫؍‬ 1.4). Conclusions: Our data suggest that the TLR4؉896A>G polymorphism is a risk factor for noncardia gastric carcinoma and its precursors. The findings underscore the role of the host innate immune response in outcome of H pylori infection.
G astric cancer remains a major health problem despite the recent decline in the incidence of this malignancy in the developed world. The global burden is set to increase with around 1.1 million new cases expected in the year 2010. 1 Helicobacter pylori infection is the most recognized etiologic risk factor for this malignancy. 2 The infection causes a chronic gastritis that is the precursor to all the pathophysiologic abnormalities characteristic of gastric carcinogenesis. 3 The most important of these abnormalities are gastric atrophy and hypochlorhydria, which develop as a direct result of the chronic inflammation induced by the infection. 4 However, these precancerous abnormalities only develop in a proportion of infected subjects that vary among different ethnic groups. The reason for the variable phenotypic expression of the infection is multifactorial, and combines the effects of the host genetic constitution, bacterial virulence factors, and environmental exposures.
We and others have recently reported that proinflammatory cytokine gene polymorphisms in the interleukin-1B (encoding IL-1␤), IL-1RN (encoding the naturally occurring receptor antagonist for IL-1␤), IL-10, and tumor necrosis factor alpha (TNF␣), all contribute to increased risk of gastric carcinoma and its precursors (gastric atrophy and hypochlorhydria). [5] [6] [7] [8] [9] These genetic risk markers belong to inflammation-related cytokines that exert their effect as part of the innate and adaptive immune response against the infection. Equally important in the appropriate handling of H pylori infection are the receptors of the innate immune response. It is conceivable that functionally relevant polymorphisms in genes of such receptors could affect the magnitude and subsequent direction of the host's response against the infection.
Because the majority of H pylori cells do not invade the gastric mucosa, this inflammatory response is triggered through contact of H pylori with the gastric epithelia and subsequent injection of bacterial products into host cells. 10 Toll-like receptor 4 (TLR4), the lipopolysaccharide (LPS) receptor, was initially identified as a potential binding receptor for H pylori on gastric epithelial cells, although more recent data are controversial. It is more likely that interaction with macrophage/monocyte TLR4 is more relevant for H pylori infection. TLR4 belongs to a family of pattern recognition receptors, of which there are currently 11 members, that activate pro-inflammatory signaling pathways in response to microbes or pathogenassociated molecular patterns. 11 TLR4, in conjunction with CD14 and MD-2, transduces signals through MyD88, Toll/IL-1 receptor domain, and TRAF6. This promotes transcription of genes, which are involved in immune activation including the transcription factor nuclear factor -B (NF-B) and also mitogen-activated protein (MAP) kinase pathways. 12 Recently, a functional polymorphism at position ϩ896 in exon 4 of the TLR4 gene has been described (dbSNP ID: rs4986790). 13 This AϾG transition results in replacement of a conserved aspartic acid residue with glycine at amino acid 299 (Asp299Gly), and alteration in the extracellular domain of the TLR4 receptor. This renders carriers hyporesponsive to LPS challenge by either disrupting transport of TLR4 to the cell membrane or by impairing ligand binding or protein interactions. 13 The mutation has been associated with a variety of inflammatory, infectious and neoplastic conditions including atherosclerosis, myocardial infarction, inflammatory bowel disease, septic shock, and prostate cancer. 14 -19 Recent work demonstrates that defective signaling through the TLR4 receptor ultimately leads to an exaggerated inflammatory response with severe tissue destruction, even though the initial immune response may be blunted. This is due to inadequate production of IL-10-secreting type 1 regulatory cells. 20 Thus, we hypothesized that the TLR4ϩ896AϾG polymorphism would be associated with an exaggerated and destructive chronic inflammatory phenotype in H pyloriinfected subjects. This phenotype would be characterized by gastric atrophy and hypochlorhydria, the hallmarks of subsequent increased risk of gastric carcinoma. We further hypothesized that the same polymorphism might increase the risk of gastric carcinoma itself. The aim of our study was therefore to test the effect of this polymorphism on the H pylori-induced gastric phenotype and the risk of developing premalignant and malignant outcomes.
Materials and Methods

Study Populations
To determine whether the TLR4ϩ896AϾG polymorphism is associated with differing outcomes of H pylori infection, we studied a cohort of 149 healthy Caucasian first-degree relatives of gastric cancer patients (GCR) from the West of Scotland. These subjects had been extensively investigated in relation to their H pylori status (assessed by 14 C-urea breath test, serology, rapid slide urease test, culture, and histology). Their gastric phenotype was defined histologically by assessment of antral and corpus biopsies for H pylori density, combined inflammatory scores (active and chronic giving a maximum score of 6, range 0 -6), and presence of mucosal atrophy (score 0 -3). 21 In addition, these subjects had their peak acid output measured in response to pentagastrin stimulation (PAO pg ) and the subjects were designated as having hypochlorhydria if their PAO pg was Ͻ15 mmol/h. 22 Corpus atrophy was absent in all subjects with a PAO pg Ն15 mmol/h. The 149 subjects were then classified into 3 distinct groups: (1) 45 subjects had H pylori infection, hypochlorhydria, and gastric atrophy; (2) 58 subjects had H pylori infection but no hypochlorhydria or corpus atrophy; (3) 46 subjects had no evidence of H pylori infection and had normal acid secretion and gastric morphology. One hundred unselected cord blood DNA samples from the West of Scotland were used as population controls for the genetic studies. Data were available to allow assessment of the effect of the TLR4 genotype on histologic and physiologic parameters in addition to estimating the risk of each outcome.
To assess the effect of the polymorphisms on the risks of upper gastrointestinal tract cancers, 2 independent case-control studies were utilized. The first was a gastric cancer case-control study derived from a Caucasian population in Warsaw, Poland, in which there were DNA samples available from 312 noncardia gastric adenocarcinoma patients and 419 controls. 23 The second was a multicenter esophageal and gastric cancer study conducted in 3 geographic areas of the United States with population-based tumor registries 24 ; DNA samples were available from 307 subjects with gastric adenocarcinoma (123 cardia and 184 noncardia, 90% Caucasian), 159 subjects with esophageal cancer (52 with squamous cell carcinoma and 107 with adenocarcinoma, 90% Caucasian), and 211 population controls (94% Caucasian).
Genotyping
The TLR4ϩ896AϾG polymorphism was initially assessed in the GCR subjects using the restriction fragment length polymorphism assay described by Lorenz. 25 Briefly, the locus was amplified by polymerase chain reaction (PCR), with 1 PCR primer altered to create an NcoI restriction site for the variant G amplicon (Table 1) Five microliters of the resultant PCR products were used for an overnight digest with the restriction enzyme NcoI (New England Biolabs, Herts, England). Digestion products were separated by electrophoresis on 2.5% agarose gels.
All the GCR genotypes were subsequently confirmed with a 5= nuclease PCR assay (Taqman), using minor groove binding probes 5=-labeled with FAM (6-carboxyfluoresceine) or VIC fluorochromes to detect the G or A allele, respectively (Table 1) . PCR amplification was performed in a volume of 25 L containing 50 ng genomic DNA, 1ϫ TaqMan Universal Master Mix (PE Applied Biosystems, Foster City, CA), 200 nmol/L for each probe, and 900 nmol/L for primers. Thermal cycling of optical plates was performed on a GeneAmp PCR System 9700 (PE Applied Biosystems) using the following conditions: 50 o C for 2 minutes, 95 o C for 10 minutes, then 40 cycles of 95 o C for 15 seconds and 60 o C for 1 minute. Endpoint analysis was performed in an ABI PRISM 7700 Sequence Detection System (PE Applied Biosystems). Genotyping for the gastric cancer case-control studies was done using the restriction fragment length polymorphism and Taqman assays for all samples with 100% concordance. Both assays were validated by direct sequencing of selected samples of each genotype.
Statistical Analysis
The effect of the TLR4ϩ896 AϾG polymorphism on acid secretory status and histologic parameters (inflammation and atrophy) in the GCR study was assessed using the Mann-Whitney U test with significance taken at the 5% level.
Hardy-Weinberg equilibrium of alleles at individual loci was assessed by 2 statistics. Odds ratios (OR) with Cornfield 95% confidence intervals (CIs) were computed by logistic regression using STATA version 7.0 software (STATA Press, College Station, TX). ORs for hypochlorhydria in the GCR study were age adjusted (categorized as Յ35, 36 -45, 46 -55, and Ͼ55 years) because of its age dependence, 22 and their CIs were based on robust variance estimates, 26 adjusted for within-family correlation, to account for sampling of several members of a given family. ORs for the different cancers were adjusted for age (categorized as younger than 50, 50 -59, 60 -69, and 70 years or older), sex, and race (categorized as White and all other). Additional models were adjusted for the effects of the genetic polymorphisms on one another, histologic subtype (Lauren classification), cigarette smoking (categorized as current, former, and never), alcohol consumption (categorized as greater or less than 1 drink per month), history of gastroesophageal reflux disease, body mass index (in quartiles), history of gastric or duodenal ulcer disease, H pylori serologic status, and family history of esophageal or gastric cancer.
The institutional review boards of the participating centers approved the study, and written informed consent was obtained from all subjects.
Results
In all 3 control populations, the alleles at the TLR4ϩ896 locus were in Hardy-Weinberg equilibrium, With nonsignificant 2 values. The frequency of the variant allele in the 3 control populations ranged from 3.9% to 4.3%, and was similar to those reported from other studies of Caucasians. The homozygous TLR4ϩ896 G/G genotype was rare, and the A/G and G/G carrier genotypes were combined in the genetic association analyses.
Association of TLR4؉896A>G Polymorphism With Risks of H pylori Infection and Premalignant Gastric Abnormalities
The TLR4 polymorphism was not associated with risk of H pylori infection in the GCR study. Comparing all infected subjects (with and without precancerous abnormalities) to noninfected subjects, the adjusted OR for infection was 1.2 (95% CI, 0.4 -4.0).
There was a significantly higher frequency of the variant G allele in H pylori-infected subjects with hypochlorhydria and gastric atrophy, compared to infected GCR with neither abnormality. Thirteen (29%) of the 45 GCR with hypochlorhydria and atrophy were variant carriers compared with only 2 (3%) of 58 infected subjects without these precancerous changes. The odds ratio of hypochlorhydria/atrophy for carriers of the G allele was 11.0 (95% CI, 2.5-48), adjusted for age and multiple sampling from the same family (Table 2) .
Among the 103 H pylori-positive GCR, the 15 carriers of the TLR4ϩ896 G allele had significantly lower PAO pg (Figure 1 ). Within the subgroup of 45 GCR with hypochlorhydria and atrophy, the TLR4ϩ896 G carriers had more severe histologic changes than did the noncarriers. The median combined corpus inflammatory score was 6 (range: 4 -6) for the 13 carriers vs. 4 (range: 3-6) for the 32 noncarriers, and the median atrophy score was 2 (range: 1-3) for the carriers vs. 1 (range: 1-3) for the noncarriers (P Ͻ .03 and P Ͻ .02, respectively; Figures 2A and B) .
Association of TLR4؉896A>G Polymorphism With Risk of Gastric Carcinoma
The TLR4ϩ896 G allele was similarly associated with the risk of gastric carcinoma. In the Polish study, 17% of the gastric carcinoma patients had 1 or 2 TLR4 variant alleles vs. 8% of control subjects ( Table 3 ). The age, sex-adjusted OR of noncardia gastric cancer for carriers of the G allele was 2.5 (95% CI, 1.6 -4.0).
The association with noncardia gastric cancer was confirmed in the multicenter U.S. study. Fifteen percent of cases had at least 1 copy of the variant TLR4ϩ896G allele, compared with only 8% of the control population (OR ϭ 2.1, 95% CI, 1.1-4.2; Table 3 ). However, the polymorphism was not significantly associated with risk of the other upper gastrointestinal cancers. TLR4ϩ896 G was present in 11% of subjects with gastric cardia carcinoma (OR ϭ 1.4, 95% CI, 0.6 -3.0), 9% of esophageal adenocarcinoma (OR ϭ 1.4, 95% CI, 0.6 -3.2), and 2% of esophageal squamous cell carcinoma (OR ϭ 0.2, 95% CI, 0.02-1.7; Table 4 ).
For increased precision of the effect estimate for noncardia gastric carcinoma, we combined the data from the 2 case-control studies. With a total of 496 cases and 630 controls, the combined adjusted OR for noncardia gastric carcinoma was 2.3 (95% CI, 1.6 -3.4; Table 3 ). The ORs for noncardia gastric carcinoma did not significantly differ between the intestinal (OR ϭ 2.2, 95% CI, 1.4 -3.4) 
Combined Effect of TLR4؉896A>G and Proinflammatory IL-1 Polymorphisms on Risk of Noncardia Gastric Carcinoma
As previously reported, carriage of the pro-inflammatory IL-1B-511 T allele and homozygosity for allele 2 of the IL-1RN VNTR are associated with increased risk of gastric carcinoma. The independent effect of TLR4ϩ896 AϾG was similar in models that included these markers of cytokine genes (data not shown). In a model combining these 2 types of markers, the ORs for gastric carcinoma in the presence of neither, an IL-1 pro-inflammatory genotype alone, carriage of TLR4ϩ896 G alone, or both an IL-1 pro-inflammatory genotype and TLR4ϩ896 G were 1.0, 2.4, 3.0, and 5.0, respectively (Table 5) .
Discussion
In the present study, we have shown that a functional TLR4 polymorphism is associated with the development of the premalignant gastric abnormalities of hypochlorhydria and atrophy, and also with increased risk of noncardia gastric carcinoma. The association with noncardia gastric carcinoma was confirmed in 2 independent population-based case-control studies. No association was seen with cancer of the cardia or esophagus. Although this polymorphism has been associated with risk of other inflammatory conditions, to our knowledge this is the first report of an association with gastric carcinoma and its precursors and the first to show associations between gastric carcinoma and a toll-like receptor gene, a classic example of the innate immune response. The magnitude of the increased risk, a combined OR for the 2 studies of 2.3, is entirely in keeping with a modest genetic contribution to a complex and multifactorial human cancer. The polymorphism had no impact on the risk of H pylori infection itself, but the findings underscore the importance of host genetic factors in determining the clinical outcome of the infection. They also shed considerable light on the pathogenesis of H pylori-induced gastric carcinoma and the role of the innate immune response in it.
The association of the TLR4ϩ896AϾG polymorphism with both gastric carcinoma and its precursor lesions implies that it is relevant to the entire multistage process of gastric carcinogenesis, which starts with H pylori colonization of the gastric mucosa. Subjects with this polymorphism have an increased risk of severe inflammation and subsequently, development of hypochlorhydria and gastric atrophy, which are regarded as the most important precancerous abnormalities. We propose that subjects with a pro-inflammatory genetic makeup based on a combination of cytokine gene markers (eg, IL-1␤, TNF-␣, IL-10) and the innate immune receptors (eg, TLR4), respond to H pylori infection by creating an environment within the stomach that is chronically inflamed and with reduced acidity. This environment is conducive to the growth of other bacteria within the gastric milieu, leading to sustained inflammation and oxidative/genotoxic stress. Subjects with the same pro-inflammatory polymorphisms may respond in the same exaggerated manner to these non-H pylori bacteria, thus maintaining the pro-neoplastic drive. This may explain why H pylori is not required in the latter stages of gastric carcinogenesis and why it is often absent from gastric tumor tissue.
It is essential to consider the possible mechanism by which the TLR4ϩ896AϾG polymorphism increases the risk of gastric carcinoma and its precursors. The polymorphism was originally described by Arbour et al, 13 and was associated with hyporesponsiveness to inhaled LPS. Alveolar epithelial cells and macrophages derived from these subjects exhibited decreased response to LPS stimulation. However, this apparent hyporesponsiveness to LPS is actually translated clinically to increased risk of serious outcomes to infections by Gram-negative bacteria and even some viruses. Examples include an increased risk of septic shock, 18, 27 inflammatory bowel disease 17 and severe respiratory syncytial virus bronchiolitis in infants. 28 The latter association is likely mediated through the respiratory syncytial virus-F protein, which is thought to act as a TLR4 ligand. 29 It is therefore clear that although the original functional significance of the mutation was defined as hyporesponsiveness to LPS challenge, several lines of evidence indicate that the host suffers serious consequences due to this apparent insensitivity. This is entirely born out in our study as carriers of the G allele had an increased risk of severe gastric damage, manifest as the highest inflammatory and atrophy scores, lowest gastric acid outputs, and ultimately an increased risk of noncardia gastric carcinoma.
How then does a polymorphism that is thought to blunt the response to LPS lead to severe damage in response to H pylori infection? The answer is not entirely clear, but may lie in the nature of the host's overall response to this LPS and peptidoglycan attack. Failure to handle the invasion by appropriately recognizing and activating the necessary pathways may lead to an imbalance of pro-and anti-inflammatory mediators. A very elegant demonstration of this phenomenon was recently reported by Higgins et al. 20 The authors infected TLR4 defective C3H/HeJ mice and their wild-type counterparts (C3H/HeN) with an aerosol of Bordetella pertussis (a Gramnegative bacterium that causes whooping cough) and monitored the course of the infection and its consequences over several weeks. The course of the infection was more severe in the TLR4-defective than the wild-type mice, and this was associated with enhanced inflammatory cytokine production, cellular infiltration, and severe pathologic changes in the lungs. Most interestingly, Higgins et al 20 showed that signaling through TLR4 in response to bacterial infection activated IL-10 production, which promoted IL-10-producing T cells and controlled inflammatory pathology during infection in normal, but not TLR4-defective mice. It is therefore likely that the severe tissue damage observed in the TLR4-defective mice was due to the deficiency of the anti-inflammatory IL-10, which in turn, accentuated the pro-inflammatory destructive tissue response.
TLRs have the ability to recognize pathogens or pathogen-derived products and initiate signaling events leading to activation of innate host defenses. 11 Signaling by TLRs induces antimicrobial genes and pro-inflammatory cytokines and chemokines, and leads to acute inflamma- tory responses. 30 Signals that recruit neutrophils and activated macrophages contribute to the killing of microbes, but more importantly, they also lead to activation of adaptive immune responses. In the case of H pylori infection, it is generally accepted that TLRs, in addition to other receptors such as Nod1, 31 are at least partly involved in the initial recognition of the bacterium. However, there has been much debate about whether H pylori's LPS is recognized by TLR4 or TLR2 (whose natural ligands include peptidoglycan, lipopeptides, and lipoteichoic acid from Gram-positive bacteria). In particular, there is controversy about whether gastric epithelial cells express TLR4 and whether the LPS of H pylori is involved in the signaling pathways leading to production of proinflammatory cytokines. Kawahara et al 32 showed that guinea pig gastric pit cells expressed TLR4 and other TLRs. Schmausser et al 33 confirmed that TLR4, TLR5, and TLR9 were expressed by human noninflamed gastric epithelium and in chronic active H pylori-induced gastritis. More recently, the same authors demonstrated expression of TLR4 and TLR5 on gastric carcinoma cells and precursor lesions (intestinal metaplasia and dysplasia). 34 In contrast, Backhed et al 35 found no TLR4 expression in any primary antral cell preparations, and also showed that gastric mucosal recognition of H pylori is independent of TLR4. Similarly, Smith et al 36 investigated whether TLR2, TLR4, and TLR5 were required for NF-B activation and induction of chemokine mRNA expression. They showed that gastric epithelial cells recognize and respond to H pylori infection at least in part via TLR2 and TLR5, and that the H pylori LPS is a TLR2 and not a TLR4 agonist. Similarly, Lepper et al 37 demonstrated that H pylori LPS-induced cell activation is mediated through TLR2, and that LPS from some H pylori strains were able to antagonize TLR4. They postulated that the antagonistic activity of H pylori LPS from certain strains, as well as the activation via TLR2, might give the bacterium an advantage over the host by allowing evasion of the innate immune system. Mandell et al, 38 using LPS derived from clinical isolates, showed that the cytokine-inducing activity of H pylori LPS was mediated by macrophage TLR4.
In summary, it is likely that TLR2 is more relevant to recognition of H pylori LPS by gastric epithelial cells, while TLR4 is relevant in some capacity in the context of macrophage/monocyte or other dendritic cell populations. TLR4 could also be activated by endogenous ligands produced during stress or cell damage. 39 Such ligands include heat-shock protein 60, EDA domain of fibronectin and hyaluronan, and it is conceivable that severe gastritis with inflammation and matrix turnover could also lead to activation of TLR4. As such, both exogenous factors (eg, H pylori and other bacteria growing in an achlorhydric environment) and endogenous factors (eg, byproducts of tissue damage) could be relevant to TLR4. It appears that genetic polymorphisms in the TLR4 gene have an important impact on this process, and our findings should act as a stimulus for further research into the role that TLRs and other mediators of the innate immune response play in H pylori-related disease and other Gram-negative bacterial infections.
In conclusion, our findings demonstrate a significant association between the TLR4 Asp299Gly polymorphism and increased risk of noncardia gastric carcinoma and its precursors. Our results further emphasize the importance of genetic variability in the pathogenesis of microbially induced chronic inflammatory diseases, including neoplasia.
